Caffeoyl coenzyme A 3-O-methyltransferase (CCoAOMT) and caffeic acid-O-methyltransferase (COMT) are key enzymes in the biosynthesis of coniferyl and sinapyl alcohols, the precursors of guaiacyl (G) and syringyl (S) lignin subunits. The function of these enzymes was characterized in single and double mutant maize plants. In this work, we determined that the comt (brown-midrib 3) mutant plants display a reduction of the flavonolignin unit derived from tricin (a dimethylated flavone), demonstrating that COMT is a key enzyme involved in the synthesis of this compound. In contrast, the ccoaomt1 mutants display a wild-type amount of tricin, suggesting that CCoAOMT1 is not essential for the synthesis of this compound. Based on our data, we suggest that CCoAOMT1 is involved in lignin biosynthesis at least in midribs. The phenotype of ccoaomt1 mutant plants displays no alterations, and their lignin content and composition remain unchanged. On the other hand, the ccoaomt1 comt mutant displays phenotypic and lignin alterations similar to those already described for the comt mutant. Although stems from the three mutants display a similar increase of hemicelluloses, the effect on cell wall degradability varies, the cell walls of ccoaomt1 being the most degradable. This suggests that the positive effect of lignin reduction on cell wall degradability of comt and ccoaomt1 comt mutants is counteracted by changes occurring in lignin composition, such as the decreased S/G ratio. In addition, the role of the flavonolignin unit derived from tricin in cell wall degradability is also discussed.
Introduction
Lignin is a heterogeneous polymer produced by the oxidative polymerization of three main monolignols, p-coumaryl, coniferyl and sinapyl alcohols. When these monolignols are transported to the cell wall and polymerized, they form the so-called p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin units , Wang et al. 2013 . The guaiacyl and syringyl units account for >90% of lignin in angiosperms, and their chemical structures differ only in the presence of either one or two methoxyl groups, respectively (Fig. 1) .
Recently, it has been demonstrated that tricin, a di-methoxylated flavone, can also be considered to be an authentic lignin monomer in monocotyledonous species (del Río et al. 2012 , Rencoret et al. 2013 , Lan et al. 2015 , Lan et al. 2016 . Thus, methylation of phenolic groups is a critical step in lignin biosynthesis, and at least two types of methyltransferases have been shown to catalyze this reaction along the lignin pathway: caffeoyl coenzyme A 3-O-methyltransferase (CCoAOMT; EC 2.1.1.104) and caffeic acid-O-methyltransferase (COMT; EC 2.1.1.68). CCoAOMT catalyzes the transfer of the methyl group to the 3-hydroxyl group of caffeoyl-CoA to produce feruloyl-CoA which will then be converted to coniferyl aldehyde, a common precursor of coniferyl and sinapyl alcohol. On the other hand, COMT, which is essential for the synthesis of the S-lignin monomers, preferentially catalyzes the methylation of the 5-hydroxyl group of 5-hydroxyconiferyl alcohol or 5-hydroxyconiferyl aldehyde to produce either sinapyl alcohol or sinapyl aldehyde, respectively (Fig. 1) . COMT was proposed to be re-named CaldOMT, for 5-hydroxyconiferylaldehyde OMT .
It was previously shown in several grasses, including maize, that COMT is also able to catalyze in vitro the 3,5-methylation of tricetin to produce tricin (Zhou et al. 2008 , J.-M. Zhou et al. 2010 , R. Zhou et al. 2010 ). However, a recent study in rice demonstrated that tricetin is not required for the biosynthesis of tricin (Lam et al. 2015) . The latter work showed that apigenin is converted to luteolin by a flavonoid 3 0 -hydroxylase and then to chrysoeriol by a flavonoid O-methyltransferase (FOMT). Fig. 1 Scheme of the lignin and tricin biosynthetic pathway. The metabolic grid shows the biosynthetic steps leading to the biosynthesis of p-coumaryl, coniferyl and sinapyl alcohols and tricin , Lam et al. 2015 . The steps involving the action of an O-methyltransferase are highlighted. The possible pathways leading to the synthesis of ferulic acid are also shown. Dashed arrows refer to multiple enzymatic steps.
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This intermediate is then 5
0 -hydroxylated to generate selgin and finally converted to tricin by an FOMT enzyme (Fig. 1) . However, no in vivo studies have demonstrated the involvement of a specific O-methyltransferase in the biosynthesis of tricin.
The importance of COMT and CCoAOMT in lignin biosynthesis has been demonstrated by numerous studies performed in knockout and knockdown lines in different plant species, summarized in Table 1 . All the CCoAOMT-repressed plants characterized so far, including a CCoAOMT RNAi (RNA interference) maize plant (Li et al. 2013) , presented a reduced lignin content, in line with the importance of this enzyme in the synthesis of the two main lignin monomers. In addition, the higher S/G ratio of these plants suggests that CCoAOMT repression has a higher impact on the synthesis of G monomers.
The lack of COMT activity produces a G-enriched lignin polymer, leading to a lower S/G ratio that is considered as a typical effect of COMT down-regulation ( Table 1) . This trait is extreme in the Arabidopsis thaliana comt mutant, which totally lacks S-lignin monomers, indicating that CCoAOMT cannot replace the 5 0 -methyltransferase activity of COMT (Goujon et al. 2003) . In maize, the genetic characterization of the spontaneous brown-midrib 3 (bm3) mutant allowed the identification of a gene (ZmCOMT AC196475.3_FGT004) encoding a COMT whose mutation is responsible for the typical phenotype of these plants (Vignols et al. 1995) . Despite being a loss-offunction mutant, the bm3 mutant still incorporates S monomers in its lignin, suggesting that other methyltransferases can partially compensate the lack of ZmCOMT. In addition to the strong reduction of the S/G ratio, the bm3 lignin incorporates the COMT precursor 5-hydroxyconiferyl alcohol as a novel monomer (Marita et al. 2003a) , which leads to the formation of a benzodioxane substructure . Similar effects have been observed in maize ZmCOMT RNAi plants (Piquemal et al. 2002) .
The simultaneous down-regulation of both methyltransferases results in severe effects on plant growth, a large decrease of lignin content and a decreased S/G ratio ( Table 1) . The extreme phenotype of the A. thaliana double ccoaomt comt mutant (growth arrest and lignin mainly made up of H monomers) indicated that in this plant AtCCoOAMT1 and AtCOMT1 are major enzymes in the synthesis of lignin, as there is no other O-methyltransferase that can compensate their role when the corresponding genes are disrupted (Do et al. 2007) .
In maize, the lignin changes observed in the bm3 mutant or ZmCOMT-repressed plants are known to increase the digestibility of the lignocellulosic biomass (Barrière and Argillier, 1993 , Piquemal et al. 2002 , Marita et al. 2003a , thus making COMT an interesting target for higher cell wall digestibility breeding (Barrière et al. 2009 ). However, as several studies proposed that a low S/G ratio limits cell wall degradability (Méchin et al. 2000 , Barrière et al. 2009 ), the higher digestibility of these COMT-deficient plants would be essentially due to their reduced lignin content, while their reduced S/G lignin ratio would play a counteracting role on the release of cell wall sugars. In consequence, the outcome of COMT knockout/knockdown on lignin composition reduces the potential of this gene as a target for higher digestibility breeding. In contrast, as CCoAOMT repression leads to reduced lignin content without reducing the S/G ratio (Table 1) , CCoAOMT was proposed as an even better target than COMT for digestibility breeding (Barrière et al. 2009 ). However, functional studies using maize CCoAOMT knockdown or knockout plants are required to assess the possible occurrence of negative effects on the biomass yield, as happens in the case of the bm3 maize mutant (Barrière and Argillier 1993) . Previous studies showed that COMT-down-regulated maize plants do not display effects on plant growth and development (Piquemal et al. 2002) , suggesting that the negative effect on biomass yield only occurs in the case of complete knockout of COMT. As CCoAOMT RNAi maize plants also display no significant alterations apart from a slightly delayed growth (Li et al. 2013) , the characterization of CCoAOMT loss-of-function maize mutants would uncover the role of this gene in lignin synthesis and plant growth.
In grasses, most of the enzymes required for lignin synthesis are encoded by multigenic families , Guillaumie et al. 2007 , and the analysis of the maize genome allowed the identification of six genes encoding putative CCoAOMTs (Civardi et al. 1999 , Guillaumie et al. 2007 , Sekhon et al. 2011 . Among them, ZmCCoAOMT1 (GRMZM2G127948) and ZmCCoAOMT2 (GRMZM2G099363) are the most closely related to the A. thaliana CCoAOMT1 (Supplementary Fig. S1 ). These two genes display a similar gene expression pattern that is compatible with a role in lignin biosynthesis ( Supplementary Fig. S2 ). Apart from the ZmCOMT gene responsible for the bm3 mutation, two other genes encoding putative COMTs are also found in the maize genome (Sekhon et al. 2011) (Supplementary Fig. S1 ).
Taking advantage of the existence of a loss-of-function ZmCCoAOMT1 maize mutant within the UniformMU collection (Settles et al. 2007 ), we undertook the characterization of these plants to study a potential function of ZmCCoAOMT1 in lignin biosynthesis. Using the already available bm3 mutant, we also produced and characterized the maize ccoaomt1 comt double mutant to evaluate the effect produced by the lack of these two methyltransferases on lignin biosynthesis and the main cell wall components, including the newly found flavonolignin monomer derived from tricin.
Results
Phenotype, biomass and histology
The maize comt (bm3) mutant (B73 background) was kindly provided by Semillas Fitó Company, while the maize ccoaomt1 mutant (W22 background) was obtained from the UniformMU collection (Settles et al. 2007 ). The double comt ccoaomt1 mutant was obtained by cross-pollinating the homozygous single mutants. The resulting offspring were self-pollinated and the segregating progeny were analyzed by PCR to identify the double mutant plants ( Supplementary Fig. S3 ). Wild-type plants were obtained by first cross-pollinating the B73 and W22 inbreds and then selfing the resulting offspring. Wild-type and mutant plants were grown in a greenhouse, and a set of parameters was recorded to evaluate the effect of CCoAOMT1 and/or COMT loss of function on plant growth. The plant height was determined at the end of their growth cycle (Fig. 2) . While ccoaomt1 mutants did not display significant alterations, the comt and the double ccoaomt1 comt mutants were found to be slightly shorter compared with wild-type plants. The double ccoaomt1 comt mutants also displayed the typical 'brown-midrib' leaf phenotype described for the comt mutants, while this pigmentation was not observed in the ccoaomt1 mutants (Fig. 2) .
It is well known that the lack of COMT leads to a biomass yield penalty (Barrière and Argillier 1993) . In our greenhouses conditions, the comt mutants display about a 30% reduction of biomass compared with control plants. In contrast, the lack of CCoAOMT1 does not alter the plant biomass significantly (Fig. 2) .
As already described, the maize genome contains several genes putatively encoding COMT and CCoAOMT ( Supplementary Fig. S1 ). Therefore, quantitative PCR (qPCR) assays were run using cDNA obtained from total RNA of young leaves to study whether the lack of ZmCOMT or/and ZmCCoAOMT1 affects the gene expression of other members of these multigenic families. We quantified the gene expression of ZmCCoAOMT1 and ZmCCoAOMT2, as these genes are the two most closely related to the A. thaliana CCoAOMT1, display a similar gene expression pattern and show the highest gene expression ( Supplementary Figs. S1, S2 ). For the maize ZmCOMT gene family, we determined the gene expression of ZmCOMT and ZmCOMT2, as the levels of ZmCOMT3 are undetectable.
No changes in the expression of these genes were detected in the ccoaomt1 mutant compared with wild-type plants, while a strong increase of ZmCCoAOMT2 gene expression was Fig. 2 Phenotype of whole plants and leaves of wild-type, ccoaomt1, ccoaomt1 comt and comt maize mutants. Fully expanded mature leaves were taken from plants at the end of the growth cycle to assess the appearance of the brown-midrib phenotype. The average size of whole plants and the stem dry weight were determined at anthesis. Data are mean ± SD of 5-6 wild-type, four comt, 15 ccoaomt1 and 13 comt ccoaomt1 plants. Asterisks refer to a significant difference compared with control plants by Student t-test (**P < 0.05; *P < 0.1).
observed in the double ccoaomt1 comt mutants. Finally, higher expression of both ZmCCoAOMT1 and ZmCCoAOMT2 was observed in comt plants (Fig. 3) . In order to investigate the effects produced by the lack of methyltransferase activities on the general phenylpropanoid metabolism, the contents of soluble phenolics, anthocyanins and flavonols were determined in mature leaves of the three maize mutants and in their corresponding controls. A slight decrease in flavonol content was detected in the ccoaomt1 mutant, while an increase of these metabolites was detected in the double ccoaomt1 comt mutant leaves. On the other hand, a significant decrease in the content of anthocyanins was detected in leaves of both the comt single mutant and the ccoaomt1 comt double mutant. In the latter, a significant increase in the content of soluble phenolics was also observed (Fig. 4) .
Lignin content and composition
Hand cross-sections of leaf midribs and stems of wild-type and mutant plants were stained with phloroglucinol to identify possible changes in the content and/or distribution of lignified tissues. While no alterations were observed in leaf midribs (data not shown), the stems of both the comt and double ccoaomt1 comt mutants showed a reduction of the schlerenchimatic fibers surrounding the vascular bundles ( Fig. 5) , suggesting that the double mutant stems also have a reduced lignin content, as already described for the case of comt mutants ( Table 1) . In order to evaluate the effects of COMT and CCoAOMT knockout in single and double mutants, we applied several techniques aimed at analyzing different parameters related to the content and composition of lignin in stems and midribs of wild-type and mutant plants. The lignin content in the stems and midribs of the wild-type and mutant plants was determined by Klason assays, and lignin composition was analyzed by thioacidolysis-gas chromatography-mass spectrometry (GC/MS). Thioacidolysis cleaves b-ether bonds and the released monomers, giving information on the lignin units involved in those uncondensed linkages.
The results of the Klason lignin (KL) content as well as the lignin composition determined by thioacidolysis are shown in Table 2 . No major changes in lignin content and composition were detected in midribs and stems of the ccoaomt1 mutant plants. Only a slight increase (10%) of H-lignin units and a higher thioacidolysis yield were detected in ccoaomt1 stems, suggesting a reduction of the degree of lignin condensation.
A slight decrease in H-lignin units was observed in lignin from midribs and stems of both the comt and the double ccoaomt1 comt mutant. In addition, S-lignin units were highly reduced in these two mutants: a 70% and 40% reduction of Slignin units was observed in midribs and stems, respectively, of the double ccoaomt1 comt mutant. In the case of the comt mutant, a 60% and 35% reduction of S-lignin units was detected in midribs and stems. In both mutants, these changes led to a significant decrease of the S/G ratio. In the case of the double ccoaomt1 comt mutants, the KL content decreases both in midribs and in stems, while in the comt mutant, the lignin content is reduced only in stems. Finally, the reduction of the thioacidolysis yield suggests the presence of a more condensed lignin in both mutants ( Table 2) .
In addition, we performed 2D-nuclear magnetic resonance (NMR) assays to provide information regarding the lignin units involved in all types of linkages (condensed and uncondensed), as well as other units such as p-hydroxycinnamates (p-coumarates and ferulates) and tricin that are also part of the lignin polymer. However, the content of H-lignin units could not be accurately measured by 2D-NMR of the whole cell walls since their signals overlap with those from proteins.
The partial short-range 2D-heteronuclear single quantum correlation (HSQC)-NMR spectra of the aromatic/unsaturated regions (d C /d H 90-150/5.8-8.0) of the cell walls of midribs and stems from wild-type and mutant plants are shown in Fig. 6 . The main lignin cross-signals assigned in the HSQC spectra and their corresponding d C /d H shifts are listed in Supplementary  Table S1 . Regarding the p-hydroxycinnamates, the differential spectra revealed higher levels of ferulates and lower levels of pcoumarates in the cell walls (stems and midribs) of both comt and the double ccoaomt1 comt mutant plants. In the case of the ccoaomt1 mutants, increased levels of both ferulates and p-coumarates were observed in midribs, while the stems contain lower amounts of p-coumarates. On the other hand, the differential spectra indicated that the lignin of comt mutant plants contains lower levels of tricin, while no changes were observed in the lignin of ccoaomt1 mutants. Lower amounts of this flavonolignin monomer were also found in the double ccoaomt1 comt mutant plants, indicating that COMT plays a key role in the biosynthesis of tricin.
Finally, it has already been reported that the lack of COMT activity leads to the accumulation of 5-hydroxyconiferyl alcohol (Fig. 1) , which is then incorporated into the lignin polymer to form a characteristic benzodioxane structure that can be detected in 2D-HSQC-NMR spectra , Marita et al. 2003 , Marita et al. 2003b . Signals characteristic of the benzodioxane structures could also be detected in the 2D-NMR spectra of the whole cell walls of stems from comt and the double ccoaomt1 comt plants (Fig. 7) , which is indicative of the accumulation of 5-hydroxyconiferyl alcohol in these mutant plants.
Cell wall polysaccharides and degradability
To characterize further the impact of CCoAOMT1 and/or COMT loss of function on cell wall biosynthesis in maize, the content and composition of the main cell wall polysaccharides in midribs and stems of wild-type and mutant plants were analyzed in detail.
Midribs from ccoaomt1 plants display only slight changes in minor components, such as a reduction of mannose and glucose and an increase of uronic acids. In the case of comt, reduced levels of galactose, glucose and xylose were detected. Finally, ccoaomt1 comt midribs contain higher arabinose and lower xylose amounts, these two sugars being the main components of the hemicelluloses in maize. However, taking into account the total amount of the hemicelluloses (considered as arabinose + xylose) and the total content of the cell wall sugars analyzed, only comt midribs present significant changes (10% and 15% reduction of hemicelluloses and cell wall sugar, respectively) ( Table 3) .
A feature common to the cell walls of all mutant stems is their higher content of xylose and arabinose (10-30%), indicative of an increased amount of hemicelluloses. Additional changes were also found in the levels of other cell wall sugars, leading to significant increases of total cell wall sugars (around 10%) in the case of ccoaomt1 and comt single mutants ( Table 3) .
To determine the degree of hemicellulose cross-linking to the cell wall, their extractability was assessed by cell wall fractionation with increasing concentrations of alkali. The results indicate that the cell walls of wild-type and mutant plants release comparable amounts of both mild alkali-and strong alkali-extractable hemicelluloses (data not shown).
The analyses of the estimated ratios between the main cell wall polymers (hemicelluloses, cellulose and lignin) did, however, reveal alterations in midribs and stems of mutant plants compared with their controls (Table 4 ). In particular, comt midribs present a reduced estimated ratio between cell wall polysaccharides and lignin (CWP/KL). In order to investigate whether these changes affect the release of sugars from the cell walls, degradability assays were performed and revealed a 12% lower sugar release from comt cell walls (Table 5 ). In contrast, ccoaomt1 comt midribs display a significant increase of the CWP/KL estimated ratio and of that between hemicelluloses and lignin (HC/KL). In this case, a 15% increased sugar release from ccoaomt1 comt midribs was measured. Higher estimated CWP/KL and HC/KL ratios were also found for the three mutant stems, indicating that their cell walls are relatively enriched in cell wall polysaccharides (especially hemicelluloses) compared with lignin. All of them released from 10% to 35% higher amounts of sugars compared with their controls (Table 5) .
Discussion
In this work, we studied the effects produced by the loss of function of CCoAOMT1 and COMT on the cell walls of single and double mutants in maize. Through a variety of techniques, we evaluated different cell wall parameters such as lignin content and composition (including the newly described lignin monomer tricin), cell wall polysaccharides and hydroxycinnamates to get a broad view of the changes occurring in the mutants' cell walls and how these can affect cell wall degradability. The role of ZmCCoAOMT1 in lignin biosynthesis has been suggested based on its sequence homology with bona fide CCoAOMT genes and its gene expression pattern (Raes et al. 2003 , Guillaumie et al. 2007 ). More recently, a maize CCoAOMT RNAi plant was reported to present reduced KL lignin, a higher S/G ratio and increased cellulose levels (Li et al. 2013 ). However, the sequence used to generate the transgene corresponded to the fifth exon of CCoAOMT1, which is 96% identical to that of CCoAOMT2, making it highly probable that both genes were targeted in these transgenic plants. Therefore, the availability of a knockout ccoaomt1 maize mutant gave us the opportunity to investigate the specific role of this gene in lignin synthesis and also to evaluate whether ZmCCoAOMT2 is capable of maintaining the 3 0 -methyltransferase activity upon ZmCCoAOMT1 disruption.
The ccoaomt1 mutant plants characterized in this work did not show phenotypic alterations and, according to our results, the loss of function of CCoAOMT1 does not affect lignin content and monomeric composition; however, ccoaomt1 stems contain a lignin polymer characterized by a lower degree of condensation and higher hemicellulose content. It was described that the degree of lignin condensation negatively affects cell wall degradability (Barrière and Argillier 1993) . Thus, both the reduced lignin condensation and the higher cell wall sugar availability are in line with the increased cell wall degradability observed in the stems of the ccoaomt1 mutant plants.
The degree of lignin condensation was assessed by comparing the total thioacidolysis yield obtained from mutant and wild-type plants and, intriguingly, ccoaomt1 cell walls display a higher thioacidolysis yield in spite of their unchanged lignin content and composition. However, 2D-NMR assays indicate that ccoaoamt1 lignin contains a lower amount of p-coumarate compared with lignin of control lines. This hydroxycinnamate is a major component of lignin in grasses and acylates lignin predominantly on syringyl units (Ralph et al. 1994) . The presence of p-coumarate significantly reduces the cleavage of b-ether linkages by thioacidolysis (Grabber et al. 1996) and therefore the reduced amount of p-coumaroylated lignin of the ccoaomt1 mutant would increase the efficiency of the reaction and, consequently, the thioacidolysis yield, instead of a reduction of condensed bonds within the lignin polymer.
The CCoAOMT2 gene is 83% identical to CCoAOMT1 (Guillaumie et al. 2007 ) and both share a similar gene expression pattern. The characterization of the mutant lacking Stems Rhamnose 3.6 ± 1.3 1.0 ± 0.3 0.7 ± 0.2 0.4 ± 0.2 4.5 ± 1.1 0.7 ± 0.2 Fucose 1.3 ± 0.1 0.7 ± 0.2 0.6 ± 0.2 0.9 ± 1.7 2.5 ± 2.2 0.4 ± 0.2 Mannose 1.0 ± 0.2 5.9 ± 3.8 2.1 ± 1.9 1.1 ± 0.9 4.1 ± 4.9 0.8 ± 0.3 Galactose 15.9 ± 1.6 21.6 ± 3.8 12.9 ± 3.7 10.8 ± 3.7 11.3 ± 1.0 9.7 ± 1.0 Whole mature stems from 5-6 wild-type, four comt, 15 ccoaomt1 and 13 comt ccoaomt1 were pooled and analyzed as a single batch. Equally, midribs taken from the leaf arising from the node immediately below the ear insertion of each control or mutant plant were excised, pooled and analyzed as a single batch. Data are expressed as the mean of three technical replicates ± SD and data in bold refer to a significant difference compared with the wild type by Student t-test. P < 0.05 (t.a., trace amounts) or significant difference (!10%) compared with the wild type in the case of total hemicelluloses (arabinose + xylose) and total cell wall sugars. Table 4 Estimated ratios between the main cell wall components of midribs and stems of wild-type, ccoaomt1, ccoaomt1 comt and comt maize mutant
Stems HC/KL 1.0 ± 0.0 1.4 ± 0.1 0.9 ± 0.1 1.9 ± 0.2 0.6 ± 0.1 1.4 ± 0.1 C/KL 1.5 ± 0.1 1.7 ± 0.1 1.3 ± 0.1 2.1 ± 0.3 1.0 ± 0.0 1.7 ± 0.2 CWP/KL 2.8 ± 0.1 3.5 ± 0.2 2.4 ± 0.1 4.3 ± 0.1 1.8 ± 0.1 3.4 ± 0.1 HC, hemicelluloses; C, cellulose; CWP, cell wall polysaccharides; KL, Klason lignin. HC corresponds to the sum of arabinose and xylose. CWP corresponds to the sum of cellulose and all the sugars detected in Table 3 .
CCoAOMT1 reveals that CCoAOMT2 is sufficient to supply the amount of feruloyl-CoA required for the synthesis of coniferyl and sinapyl alcohols. Nevertheless, the lack of a ccoaomt2 mutant in maize makes it difficult to determine the precise role of each enzyme in maize lignin synthesis. The cell walls of the maize comt (bm3) mutant characterized in this work show the typical lignin alterations already described in other COMT-suppressed plants (Barrière and Argillier, 1993 , Chabbert et al. 1994 , Marita et al. 2003a , Marita et al. 2003b , Mechin et al. 2005 . Significantly, our analysis of lignin from comt mutant plants also shows that the content of the flavonolignin monomer derived from tricin is highly reduced compared with wild-type plants. These data have not been reported so far and provide the in vivo evidence that COMT plays a key role in the biosynthesis of tricin.
A previous study showed that a maize O-methyltransferase (ZmOMT1) is able to catalyze in vitro the 3,5-methylation of tricetin to produce tricin, and it was therefore proposed as a flavone-specific OMT (FOMT) (Zhou et al. 2008 ). The authors reported that ZmOMT1 is identical to the previously identified ZmCOMT (Collazo et al. 1992 ) involved in lignification.
As this enzyme exhibited substrate preference for tricetin in vitro when compared with hydroxycinnamates (which are no longer considered as the in vivo substrate of COMT), the authors concluded that it was erroneously annotated as COMT and should therefore be considered as a true FOMT (Zhou et al. 2008) . Many functional characterizations performed on the maize bm3 (comt) mutant clearly demonstrated the importance of ZmCOMT in the synthesis of syringyl units and consequently in the synthesis of lignin (Barrière and Argillier, 1993 , Chabbert et al. 1994 , Marita et al. 2003a , Marita et al. 2003b , Mechin et al. 2005 ). Additionally, a recent study in rice demonstrated that tricetin is not required for the biosynthesis of tricin and that two O-methylation steps are required to produce tricin from apigenin ( Fig. 1) (Lam et al. 2015) . However, no in vivo studies have demonstrated the involvement of a specific O-methyltransferase in the biosynthesis of tricin. The results presented in this work indicate that ZmCOMT plays a role in the synthesis of tricin and therefore it represents the first enzyme found to participate in the synthesis of lignin precursors synthesized from both the monolignol biosynthetic pathway (S units) and the flavonoid pathway (tricin). However, whether ZmCOMT is involved in the 3 0 -methylation of luteolin to chrysoeriol and/or the 5 0 -methylation of selgin to tricin (Fig. 1) is still unclear. In contrast, as tricin content remains unchanged in the ccoaomt1 mutants, it can be suggested that CCoAOMT1 is not involved in the biosynthesis of tricin or that other O-methyltransferases, such as COMT or CCoAOMT2, could compensate the lack of this enzyme.
The cell walls from stems of the three mutants characterized in this work present higher amounts of polysaccharides and higher degradability, but only those with COMT loss of function (cccoaomt1 comt and comt mutants) present reduced lignin levels. As lignin content negatively affects cell wall degradability, a higher release of sugars from ccoaomt1 comt and comt cell walls compared with that observed in the case of ccoaomt1 would have been expected. Intriguingly, the higher increase in cell wall degradability (30%) was detected in ccoaomt1 stems. It is known that the lack of COMT activity strongly reduces the presence of S-lignin monomers and increases lignin condensation. Previous studies proposed a positive correlation between the S/G ratio and cell wall degradability in maize (Méchin et al. 2000 , Méchin et al. 2005 , Zhang et al. 2011 ). In line with this observation, the reduction of the S/G ratio of ccoaomt1 comt and comt lignin, together with the concomitant increase of its condensation degree, would limit the positive effect of their reduced lignin content. None of these changes that negatively affect sugar availability occurs in the cell walls of ccoaomt1 stems.
Another factor that could explain the relative higher degradability of ccoaomt1 compared with ccoaomt1 comt and comt mutant stems is the difference in the amount of the flavonolignin unit derived from tricin. In maize, as in other grasses, tricin was described to act as a nucleation site to start lignin polymerization as this compound is unable to undergo homodimerization (Lan et al. 2015) . Therefore, it is likely that changes in the amount of this compound can alter the length of lignin chains and therefore their molecular weight by altering the number of polymer initiation events.
Previous studies have proposed a correlation between cell wall degradability and the molecular weight of lignin. The characterization of poplar plants overexpressing the lignin biosynthetic gene ferulate 5-hydroxylase and of A. thaliana expressing a bacterial hydroxycinnamoyl-CoA hydratase-lyase revealed in both cases a reduction of lignin molecular weight, and these changes in lignin superstructure were related to the higher degradability of the transgenic cell walls (Stewart et al. 2009 , Eudes et al. 2012 . These findings suggest that, conversely, higher molecular weight lignin chains limit the extractability of cell wall polysaccharides. In this sense, the lignin polymer synthesized by comt and ccoaomt1 comt maize mutants contains reduced levels of the flavonolignin unit derived from tricin and it is probably constituted by lignin chains having a higher molecular weight due to a lower number of polymerization events. Therefore, our results suggest that the increased degree of lignin polymerization that occurs in comt and ccoaomt1 comt mutants reduces the extractability of cell wall sugars, counteracting the positive effects produced on the cell wall degradability by the reduced lignin content and the higher amount of hemicelluloses found in mutant stems. While all mutant stems examined showed increased cell wall degradability (although to different extents), the lack of CCoAOMT1 and/or COMT displays different effects in the corresponding mutant midribs. No changes in degradability were observed in ccoaomt1 midribs, in line with unchanged amount of lignin and cell wall sugars. In contrast, ccoaomt1 comt midribs present more degradable cell walls. This can be explained by the fact that the lack of both enzymes produces a reduction of lignin content without affecting the total amount of cell wall sugars. Finally, comt midribs display reduced (around 10%) cell wall degradability but unchanged lignin content. In this case, the main reason that could explain these data could be the 10% reduction of cell wall polysaccharides observed.
The unchanged lignin content of the comt midribs can be explained by the fact that this tissue is characterized by a lignin highly enriched in G units (60-70%, see Table 2 ). Therefore, the role of COMT on the production of S units in midribs is limited compared with the stems, that are characterized by an S-enriched lignin (60-70%, see Table 2 ). This could explain why the lack of COMT affects lignin content in comt stems but not in midribs of this mutant. On the other hand, the lack of effects in lignin of the single ccoaomt1 mutant could be explained by the functional redundancy of CCoAOMT1 and CCoAOMT2 and, at least partially, by the capacity of COMT to supply CCoAOMT1 functionally, as it was proposed that COMT can also act as a 3 0 -O-methyltransferase ). In the case of ccoaomt1 comt midribs, reduced lignin content is detected, indicating a lower production of monolignols precursors. As the single comt midribs produce wild-type amounts of lignin, the characterization of the ccoaomt1 comt midribs lead us to propose CCoAOMT1 as an enzyme that participates in the synthesis of G and S precursors because when this enzyme is lacking (and its function cannot be compensated by COMT), reduced amounts of lignin in the midribs are produced.
Transgenic maize plants down-regulated for CCoAOMT1 displayed stems with changes in lignin content and composition (Li et al. 2013) . However, in this work, the precise function of CCoAOMT1 cannot be determined as the RNAi construct cannot discriminate between CCoAOMT1 and CCoAOMT2. In our ccoaomt1 mutants, stems display no changes in lignin production, suggesting a possible functional compensation by COMT and/or CCoAOMT2. In contrast to what happens in midribs, the lack of COMT reduces lignin content in comt stem mutants. As similar perturbations were observed in the ccoaomt1 comt stems, the function of CCoAOMT1 in lignin biosynthesis cannot be detected in stems as the perturbations produced by the lack of COMT, and the probable functional redundancy between CCoAOMT1 and CCoAOMT2 may hinder that produced by the lack of CCoAOMT1.
It has been proposed that CCoAOMT enzymes are major hubs in the control of the biosynthesis of ferulic acid that is involved in numerous cross-linkages between hemicelluloses (arabinoxylans) and G-lignin units in grasses ). In both comt and ccoaomt1 comt leaves, the expression of CCoAOMT2 is induced and higher levels of cell wall ferulates are detected. Although preliminary, our data suggest that CCoAOMT2 could play a major role in the synthesis of ferulates. However, the unavailability of a ccoaomt2 mutant makes it impossible to clarify further the role of CCoAOMT1 and CCoAOMT2 in the synthesis of this compound.
In summary, our results show that the maize COMT is a key enzyme involved in the synthesis of tricin in vivo. Therefore, COMT is the first characterized enzyme involved in the production of lignin precursors synthesized through both the monolignol and the flavonoid pathways. In addition, our results also indicate that CCoAOMT1 is involved in lignin biosynthesis, at least in midribs. The lack of ccoaomt1 produces more degradable cell walls due to their higher sugar content without altering plant development and biomass yield. Thus, as already proposed (Barrière et al. 2009 ), our results reinforce CCoAOMT1 as a good target for digestibility breeding programs.
Materials and Methods
Plant material and sampling
Homozygous seeds of the maize comt (bm3) mutant (B73 background) were kindly provided by Semillas Fitó Company. The maize ccoaomt1 mutant (mu1041577, UFMu-04413 stock) and the W22 wild-type seeds were obtained from the UniformMU collection (Settles et al. 2007) , a large population of pedigree lines of maize inbred W22 in which Robertson's Mutator has been introgressed.
The double comt ccoaomt1 mutant was obtained by cross-pollinating the homozygous single mutants. The resulting offspring were selfed and the segregating progeny were analyzed by PCR to identify the double mutant plants ( Supplementary Fig. S3 ). Wild-type plants were obtained by first cross-pollinating the B73 and W22 inbreds and then selfing the resulting offspring.
For the biochemical and molecular assays, all the samples taken from each wild-type (five B73, five W22 and six W22 Â B73 plants) and mutant line (four comt, 15 ccoaomt1 and 13 comt ccoaomt1 plants) were pooled and analyzed as a single batch, to minimize the effect of the different genetic backgrounds.
All the maize plants used in this work were grown in a greenhouse (25 C day and 22 C night, 60% humidity and 16/8 h photoperiod).
Lignin analysis
To observe the amount and distribution of the lignified cells in the midrib and stems, the fifth internode (ground level) and the midrib taken from the node immediately below the ear were excised, hand cross-sectioned, stained with phloroglucinol and observed under light microscopy. Lignin content and composition were determined in midribs taken from the leaf arising from the node immediately below the ear insertion and in mature whole stems. All the samples coming from the same control/mutant plants were pooled and analyzed as a single batch. Total lignin content was gravimetrically determined by the Klason procedure, whereas the lignin composition was determined by thioacidolysis (followed by GC/MS), as already reported (Fornalè et al. 2015) . Assays were performed in triplicate.
For 2D-NMR analyses, around 50 mg of finely divided (ball-milled) plant material (stems and midribs from the wild type and mutants) were swollen in 0.75 ml of dimethylsulfoxide (DMSO)-d 6 according to the method previously described (Kim et al. 2008 , Rencoret et al. 2009 ). 2D-NMR (HSQC) spectra were recorded at 25 C on a Bruker AVANCE III 500 MHz instrument using the experimental conditions published previously (Fornale et al. 2015) . We performed three technical replicates of the samples and observed that the error was <5%. HSQC correlation peaks were assigned by comparing with the literature , del Río et al. 2012 ).
Soluble phenolics determination
For each assay, one mature leaf taken from each kind of plant was excised. All the leaves coming from each wild-type/mutant were pooled and analyzed as a single batch. For each assay, four independent tissue extractions were performed.
Total phenolics were determined using a modified Folin-Ciocalteau colorimetric method (Singleton and Rossi 1965) . Leaf tissues (100 mg) were extracted in 1 ml of ethanol (80%), incubated for 2 h at 4 C in the dark and then centrifuged to remove cell debris. Distilled water was added to aliquots of supernatant to reach a final volume of 3 ml. Then 0.5 ml of Folin-Ciocalteau reagent (1 : 1 with water) and 2 ml of Na 2 CO 3 (20%) were added. The solution was warmed for 15 min at 45 C, cooled to room temperature and the absorbance was measured at 650 nm. Total flavonols were determined according to Chang et al. (2002) . Leaf tissues were extracted in 80% ethanol at 4 C for 2 h. After centrifugation, methanol was added to aliquots of supernatant to reach a final volume of 2 ml and sequentially mixed with 0.1 ml of aluminum chloride (10% water solution), 0.1 ml of 1 M K-acetate and 2.8 ml of distilled water. After 30 min incubation at room temperature, absorbance at 415 nm was recorded. Total anthocyanins were determined according to Laitinen et al. (2008) . Leaf tissues (100 mg) were extracted with 1 ml of extraction solvent (methanol, water, hydrochloric acid, 7 : 2 : 1) at 4 C for 20 h and centrifuged (20 min, 10,000 r.p.m., 4 C). To correct for the effect of Chl, we used the following equation: AA = (A 530 -0.25 A 657 ), AA being the corrected anthocyanin absorbance (Mancinelli 1984) .
Cell wall analysis
Dried whole stems from wild-type and mutant plants were ground to a fine powder, extracted with 20 vols. of methanol, and filtered through Whatman GF/A microfiber filters. This alcohol-insoluble residue (AIR) was dried at 60 C for 4 d. The AIR was then de-starched, treated with acidified phenol and washed with organic solvents to obtain the cell wall residue, as previously described (Melida et al. 2010) .
Neutral sugar analysis was performed according to Albersheim et al. (1967) . Dried cell walls were hydrolyzed with 2M TFA (trifluoroacetic acid) for 1 h at 121 C and the resulting sugars were derivatized to alditol acetates and analyzed by GC. Uronic acid contents were determined by the m-hydroxybiphenyl method (Blumenkrantz and Asboe-Hansen 1973) , with galacturonic acid as a standard. Cellulose was quantified in crude cell walls by the Updegraff method (Updegraff 1969) with the hydrolytic conditions already described (Saeman et al. 1963) , and the quantification of the glucose released was performed by the anthrone method (Dische 1962 ) using glucose as a standard.
For the cell wall degradability assays, cell walls were hydrolyzed (20 mg in 1.5 ml) in a mixture of Cellulase R10 (1%), Macerozyme R-10 (0.5%) and purified Driselase (0.1%) dissolved in sodium acetate 20 mM (pH 4.8). Aliquots were taken at 72 h, clarified by centrifugation and assayed for total sugars (Dubois et al. 1956 ).
For cell wall fractionation, dry cell walls were extracted (2.5 ml for 1 mg of cell wall) at room temperature with 0.1 M KOH + 20 mM NaBH 4 for 24 h. The soluble fraction after 0.1 M KOH treatment was collected by filtration and the resulting residue was washed with distilled water. The soluble fraction and washing were mixed. Further, 4 M KOH + 20 mM NaBH 4 was added to the residue, extracted at room temperature for 24 h and washed with distilled water as described above. The extracts were acidified to pH 5.0 with acetic acid and dialyzed representing 0.1 N KOH and 4 N KOH fractions, respectively.
Gene expression analyses
Genomic DNA was extracted from young maize leaves (second from the apex) taken from 1-month-old plants using the Nucleo Spin Food kit (MachereyNagel) and following the manufacturer's instructions. PCRs were run to identify the wild-type and the mutated comt and ccoaomt1 genes using specific primers (Supplementary Table S2) .
Total RNA was extracted with Trizol Reagent (Invitrogen) from young leaves (second from the apex) taken from 1-month-old plants of wild-type and mutant plants. Three independent extractions were performed in each case. After DNase treatment (Turbo DNase, Ambion), 1.5 mg of total RNA were reverse-transcribed using an oligo(dT) 15 primer and M-MLV Reverse Transcriptase (Invitrogen) according to the manufacturer's instructions.
Quantitative RT-PCR assays were run to analyze the expression of ZmCOMT, ZmCOMT2, ZmCCoAOMT1 and ZmCCoAOMT2 using gene-specific primers (Supplementary Table S2 ). Three technical replicates were made and qPCRs were run using the Light Cycler 480 (Roche) and SYBR Green dye (Roche), and the maize Leuning (Lug) gene was used for data normalization (Manoli et al. 2012) . Gene-specific primers were designed using the primer-blast program from the NCBI webpage. In all cases, PCR conditions included an initial denaturation step at 95 C for 10 min, followed by 45 cycles of a denaturation step at 95 C for 10 s, an annealing step at 60 C for 30 s and an extension step at 72 C for 30 s.
Phylogenetic analysis of the A. thaliana and maize CCoAOMTs and COMTs was done using the online ClustalW program (http://www.genome.jp/tools/ clustalw/) and the neighbour-joining method using program (Van de Peer and De Wachter 1994) .
